Experimental results are presented for the strain rate sensitivity of polycarbonate in the strain rate range 10-4 to 104s-I, at 23°C. The high strain rate tests are performed in a split Hopkinson pressure bar. Using thick specimens, there is an apparent increase in strain rate sensitivity in the high strain rate regime. This observed increase is significantly reduced when thinner specimens are employed suggesting that it does not represent inherent material behaviour. Numerical and analytical evidence is presented which shows that the apparent increase at high strain rates can be accounted for by stress wave propagation effects present in the test when high impact velocities are employed. The assumption of uniform stress and strain distribution within a split Hopkinson pressure bar specimen is therefore inappropriate at high impact velocities.
INTRODUCTION
There is a continuing debate as to the extent of the strain rate sensitivity of materials including polymers at high rates of strain. Some workers (1*23), have reported an increase in the strain rate sensitivity of polymers and composites at high strain rates while similar observations have been made by other workers in metals (4,596). As is evident in the literature, the true extent of the increase in strain rate sensitivity reported is inconsistent and depends on specimen dimensions and frictional constraints. In a recent paper (7) experimental stress/strain resulk by the present authors,
are presented for four polymers tested in compression at 23°C between the strain rates of 10-4 -104 s-1. The high strain rate results (102 to 104s-1) were obtained in a SHPB system while the low and intermediate strain rate tests were carried out in an Instron and a Mayes testing machine respectively. The results show that the choice of specimen thickness at high strain rates significantly affects the measured flow stresses, with the thicker specimens showing an enhancement of flow stress at high rates. This apparent increase in strain rate sensitivity disappears completely for two of the polymers studied (medium density polyethylene and high density polyethylene) when thin specimens having a length to diameter ratio of 0.12 are used. Detailed studies (899) have shown that the use of this length to diameter ratio will not lead to significant frictional effects in the specimen if a suitable lubricant such as petroleum jelly is applied between the specimen and the bars; otherwise an enhancement of flow stress for the wafer thin specimens will be obtained. Typical results of yield stress plotted against the logarithmic strain rate for polycarbonate Lexan are shown in figure 1. Clearly there is good agreement between the results at low and intermediate strain rates whereas at high strain rates thickness effects are observed. This good agreement at low and intermediate strain rates indicates that the discrepancy seen at high rates is not due to fundamental differences in the material properties.
strain rate Is-' Figure 1 . Measured yield stress versus logarithmic strain rate for PC at 23OC showing the effect of specimen thickness. Symbols: 0 ,4.4mm thick specimens; A, 1.5 mm thick specimen; 4 , 8 mm thick specimen (2). The apparent increase in strain rate sensitivity at high strain rates is reduced when thinner specimens are used.
The literature on high rate testing indicates that the strain rate at which increased sensitivity is observed depends on specimen geometry (61, again suggesting that this observation may not represent inherent material properties. In this paper, analytical and numerical simulations of the split Hopkinson pressure bar (SHPB) technique are presented in order to determine its limitations and provide an explanation for the results of figure 1. This includes an investigation of the effect of impact velocity as this is thought to be the determining factor in whether or not large plastic wave fronts will be generated in the specimen; a phenomenon which will mean the classical split Hopkinson pressure bar analysis will be erroneous since stress equilibrium will not exist in the specimen.
ANALYTICAL SIMULATION OF THE SHPB TEST
For the ensuing analysis, a bi-linear rate independent model material behaviour has been chosen since analytical solutions modelling stress wave propagation within such a specimen are possible. The parameters for the material model used are presented in table 1 and have been approximated from experimental data for a typical polymer (7.10). The bar properties are as specified by manufacturers. At high impact velocities, and for a loading pulse having a small rise time, the initial stress attained at the front face of the specimen will exceed q. This results in a plastic wave propagating towards the back face of the specimen, preceded by an elastic wave of magnitude ay (11). An analytical solution describing the plastic deformation of an ideal SHPB specimen under these conditions is presented below. It is assumed that the specimen is loaded by a Heaviside step function of infinite duration. Specimen unloading is therefore not considered. An analysis of a similar type has been carried out for a linear elastic specimen (8).
Assuming that the length of the loading pulse in the bar is much larger than the bar radius and that its propagation can be represented by the one-dimensional wave equation, expressions can be obtained for the variation of stress and velocity at the front and back faces of the SHPB specimen. The stress wave reflections which take place at the specimen boundaries after the incident pulse arrives at its front face are shown in figure 2. In the figure, Cs denotes the elastic wave speed in the specimen, given by 6, and C is the plastic wave speed given by For a z-domain composed of a specimen of length, 1 ( 0 i r S 1 ), the stresses and velocities can be denoted as a(z,t) and v(z,t) at any time t. The initial boundary conditions for the system at t = 0 may be taken as: o(z,t) = v(z,t) = 0 for all z. For t > 0, a(z,t) and v(z,t) will vary discontinuously as successive reflections take place in the specimen. The number of reflections which have taken place at z from time zero may be represented by an integer, n (figure 2). For z=0 corresponding to the front face of the specimen, the variation of stress and velocity with time,t take the form:
for n = 0, 2, 4, 6, .. and similarly for n = 1, 3, 5, 7, ... In the same way, expressions can be
obtained for the back face of the specimen (lo). In equations (1) and (2), R = -ZD + Zb is the reflection coefficient of the bar-specimen where 2p represents the mechanical impedance pCp of the C8-122 specimen after yield. 01 = is the magnitude of the incident pulse, where V is the impact velocity of the projectile.
Hence the stresses and velocities at the specimen faces during deformation can be obtained for all t. Using the above analysis, reconstituted stress strain curves at typical impact velocities employed in the experiments have been computed and the results are shown in figure 3 in terms of 5% flow stress against logarithmic strain rate.
s t m h rate 1s-I The apparent increase in strain rate sensitivity at high strain rates arises purely as a result of stress wave propagation effects in the specimen. The trend exhibited in figure 3 is indeed the same as that seen from numerous experiments, most of which have so far been accepted as representing the intrinsic behaviour of the materials. It is clear that this apparent increase in strain rate sensitivity can also be explained solely in terms of stress wave propagation effects using a simple 1-D analytical solution.
NUMERICAL SIMULATION OF THE SHPB TEST
The finite volume numerical code used in simulating the SHPB test is based on the solution of the equation of motion for a solid body of volume V, bounded by a surface S ( 1 2~~3 ) .
It is a 3-D code capable of transient non-linear analysis. The discretisation scheme used together with the right boundary conditions for a given problem results in a system of linear equations which are temporarily decoupled and solved sequentially by a line by line Tri -Diagonal Matrix Algorithm.
In the present work, the complete SHPB system is modelled, including both bars and the specimen. The properties of the bars and the specimen are those in table 1. The bars are of diameter 15.8 mm and length 1200 mm. The projectile is of length 200 mm and is of the same diameter and material as the bars. Care was taken to ensure that the dimensions of the real geometry was accurately represented; e.g. dimensions of the specimen and the bars and the position of the strain gauges. A uniform mesh was used to avoid generation of the spurious wave reflections within the code. Numerical simulations at impact velocities of 12 and 30ms-I have been carried out for the specimen material model presented in table 1. The loading pulse corresponding to each impact velocity is applied in terms of input displacements at the impact end of the incident bar. The loading pulse had a rise time of 15 ps, a value which corresponds to typical rise times encountered for SHPB compression tests in practice. strain 1% 1zms-1, -----3oms-l, ----.
The numerically determined stress strain curves at 12 and 30ms-1 are shown in figure 4 . These are computed from the reflected and transmitted pulses measured at the strain gauge stations by using the classical SHPB analysis assuming that no stress and strain non-uniformities exist within the specimen (14) . The average strain rates are 1.5~103 and 5x103~1 respectively for the 12ms-1 and 30ms-I impact velocities. Also shown in figure 4 is the input bi-linear stress strain curve. At the lower impact velocity of 12m s-1, there is good agreement between the numerically determined stress strain curve and the input curve. Significant errors, however, arise when an impact velocity of 30ms-1 is employed. The discrepancy at the higher strain rate is therefore due solely to the increase in impact velocity as it is the only parameter that is altered between the two test cases. Analytical , ----.
DISCUSSION
A comparison between the analytical and numerical simulations for an impact velocity of 30ms-1 is presented in figure 5 . It is noted that the steps in the analytical stress strain curve, corresponding to the propagation of plastic wave fronts in the specimen, are fairly well reproduced in the numerical curve. Clearly a rise time of 15ps as is encountered in practice is sufficiently small for stress wave propagation effects to be important at high strain rates. The results presented in figure   6 indicate, therefore, that the increase in flow stress seen in the reconstituted stress strain curve at 30m s-1 is due to the propagation of large plastic wave fronts within the specimen which are inevitable at high impact velocities. For the materials studied, the fundamental assumptions in the classical SHPB theory are therefore invalid at high impact velocities. This will also be expected for other materials exhibiting similar plastic wave speeds. Due to the difficulty of modelling the exact material behaviour (which is the unknown) the only viable method of determining whether or not high strain rate measurements are affected by stress wave propagation effects will be to test various specimen thicknesses and show the values at the same strain rates to be the same. It is now clear why thinner specimens should yield more accurate results: lower impact velocities are employed for the same strain rates, thereby leading to smaller stress and strain gradients in the specimen.
CONCLUSION
Analytical and numerical simulations show that the use of very high impact velocities in split Hopkinson pressure bar tests will lead to the manifestation of large stress and strain gradients within the specimen associated with the propagation of plastic wave fronts within its boundaries. The effect of this is an enhancement in measured flow stresses at high strain rates, of a kind which has previously been interpreted as an inherent increase in strain rate sensitivity. Assuming that stress wave propagation effects are absent in the SHPB test, as is the case in the classical analysis, is therefore inappropriate at high impact velocities for the materials studied.
